Abstract A pristine magnetite (Fe 3 O 4 ) specimen was studied by means of Neutron Powder Diffraction in the 273-1,073 K temperature range, in order to characterize its structural and magnetic behavior at high temperatures. An accurate analysis of the collected data allowed the understanding of the behavior of the main structural and magnetic features of magnetite as a function of temperature. The magnetic moments of both tetrahedral and octahedral sites were extracted by means of magnetic diffraction up to the Curie temperature (between 773 and 873 K). A change in the thermal expansion coefficient around the Curie temperature together with an increase in the oxygen coordinate value above 700 K can be observed, both features being the result of a change in the thermal expansion of the tetrahedral site. This anomaly is not related to the magnetic transition but can be explained with an intervened cation reordering, as magnetite gradually transforms from a disordered configuration into a partially ordered one. Based on a simple model which takes into account the cation-oxygen bond length, the degree of order as a function of temperature and consequently the enthalpy and entropy of the reordering process were determined. The refined values are DH 0 = -23.2(1.7) kJ mol 
Introduction
Magnetite is the first magnetic material known since the ancient times. Its structure, formally Fe II Fe III 2 O 4 , is spinellike (Fleet 1981 (Fleet , 1986 and is derived from an oxygen cubic close packing with cations in the interstitial tetrahedral and octahedral sites. This kind of structure, ideally cubic, is typical of many AB 2 O 4 compounds, where A is usually a bivalent cation and B a trivalent one. Two limitconfigurations are possible: in the so called normal structure, the A and B cations fill the tetrahedral and octahedral sites, respectively, whereas in the 'inverse' one, the tetrahedral sites are filled by half B cations while the residual half of B and all A cations disorderly fill the octahedral sites. The study of cation partitioning in spinels is widely used in geology to understand the genesis of these phases in natural rocks, but it is also useful in the study of their physical properties in materials science. Magnetite is a typical inverse spinel (Verwey and Haayman 1941) in which Fe(II) and Fe(III) are disordered in the octahedral sites, while the tetrahedrons are fully occupied by Fe(III) cation. From the point of view of the magnetic properties, magnetite has a Verwey ordering at low temperature (T v = 118 K) (Verwey and Haayman 1941) and it is ferrimagnetic up to the Curie temperature, at about 856 K (Néel 1948) ; above such values, it becomes paramagnetic (Shull et al. 1951) . The ferrimagnetism is due to an antiferromagnetism coupling of Fe(III) in tetrahedral and octahedral sites. Recently, magnetite has become an important technological material as a nanomagnetic component (Poddar et al. 2002) . A peculiar behavior shown by magnetite was discovered by Rozenberg et al. (2007) at high pressure, who found that above 20 GPa an enlargement of the tetrahedral site became highlighted. This occurrence was possibly referred to a structural transition of this phase from inverse to direct spinel. As a matter of fact, the Fe 2? -O bond length is bigger than the Fe 3? -O bond length in tetrahedral sites: 2.03 and 1.89 Å , respectively (Shannon 1976 ).
An in-depth study of the structure of magnetite at high temperature is limited by the strong Fe(II) predisposition to be oxidized when heated above 373 K, even in the presence of very small oxygen quantities (personal observation). Despite this difficulty, some studies concerning the high-temperature structural behavior of magnetite were reported. A cation distribution study on magnetite at high temperature was performed using thermopower measurements (Wu and Mason 1981) , revealing that a partial ordering of the spinel structure starts at 858 K, and proceeds until the melting temperature is reached (1,773 K). The maximum percentage of direct spinel structure detected at the highest temperature was 35%. The same results were achieved by using Mössbauer spectroscopy (Wissmann et al. 1998) . A structural work on magnetite at high temperature was also made by using a X-ray single crystal (Okudera et al. 1996) , showing no significant structural changes in magnetite below the Curie temperature. Unfortunately, no data have been reported for higher temperatures. Another structural work at high temperature (Mazzocchi and Parente 1998) , performed by using neutron multiple diffraction data on a single crystal, gave a description of the magnetite structure at 976 K but included no discussion on a possible cation partitioning. In a previous work (Levy et al. 2004) , it was stated that the thermal expansion coefficient shows a change at the Curie temperature in a slightly oxidizing environment (an effect usually referred to as the 'loss of the magnetostriction'), whereas the same coefficient evidences no variation in a reducing atmosphere. The aim of this work is to describe the effect of the Curie magnetic transition on the structure of magnetite and to study and explain the variation in the thermal expansion coefficient at high temperature from a structural point of view.
Experimental

Sample
This study was performed on a natural magnetite sample collected in the Brosso mining area in Ivrea, Italy. The specimen was purified from the rock matrix by means of magnetic separation. SEM-EDS chemical analyses, performed using a Cambridge Stereoscan 360 SEM equipped with Oxford INCA Energy 200 microanalysis and Pentafet EDS detector, showed this magnetite sample to be almost completely pure with a maximum of 3% Mg atoms per formula unit. X-ray powder diffraction (XRPD) analysis performed with a PANanalytical X'Pert diffractometer showed that all diffraction peaks were related to the magnetite, and no further impurities were detected. The calculated cell edge [a = 8.3957(5) Å ] is consistent with the values reported in literature (Fleet 1981 (Fleet , 1986 ).
Neutron powder diffraction data collection and analysis
The sample was studied by means of neutron powder diffraction (NPD) at high temperature. Diffraction data were collected at the Helmholtz-Zentrum, Berlin (HZB, Germany) with BER-II neutron source by means of an angle dispersion diffraction experiment on the E2 diffractometer.
The powder, contained in a quartz tube sample holder, was heated in situ by means of a furnace in high vacuum starting at room temperature (298 K) and progressively increasing by 100 K steps (except the first one, equal to 75 K) until T = 1,073 K was reached. The data collection time for each temperature step was 4 h.
As expected, in the collected neutron diffraction patterns, some selected peaks show a systematic intensity decrease with temperature rise (as shown in Fig. 1 The intensity of such reflections is strongly dependent from temperature, as below the Curie temperature these peaks are clearly visible whereas above they possess very small Fig. 1 Neutron powder diffractogram of the S2 sample collected at BER-II neutron source, E2 diffractometer, from 298 to 873 K. Arrows indicate the diffraction peaks, which contribute the higher magnetic diffraction or no intensity, acting therefore as good markers for the magnetic-paramagnetic transition. At all studied temperatures, however, all detectable diffraction peaks can undoubtedly be indexed by using the magnetite cubic cell. The magnetic structure of magnetite corresponds therefore to the cubic one, typical of the atomic structure.
NPD data were refined using GSAS/EXPGUI (Larson and Von Dreele 2004; Toby 2001) software. To refine the atomic structure of magnetite, consistently with literature data (Fleet 1986 ), the space group Fd " 3m was used and the cation positions fixed at (1/2, 1/2, 1/2) and (1/8, 1/8, 1/8) for the octahedral and tetrahedral sites, respectively. Starting fractional coordinates for the oxygen atom were set at (0.255, 0.255, 0.255) .
In order to describe the intensity of the magnetic diffraction peaks, a magnetic phase was added to the model for further refinement with the Rietveld method. As no indepth description was found for such a phase, a cubic model was used with the same cell edge of the atomic phase. In order to describe in a simple way this magnetic structure, a F-1 symmetry was chosen: the octahedral cations were positioned at (1/2, 1/2, 1/2), (1/2, 3/4, 3/4), (3/4, 1/2, 3/4) and (3/4, 3/4, 1/2) and the tetrahedral ones in the same position of the atomic phase. A unitary magnetic vector was defined for each atom along the (111) direction; the magnetic vector for the octahedral site proved to be anti-parallel with respect to the tetrahedral one, as shown in Fig. 2 .
The peak profiles were modeled using a pseudo-Voigt function, varying the three terms Caglioti formula of the profile curve Gaussian part and the Lx and Ly parameters of the Lorentzian part. Asymmetry and shift parameters were also refined. A shifted Chebyshev function with 20 terms was used to interpolate the background. The twotheta offset was refined only for the room temperature diffractogram, and the obtained value used also for the other diffraction patterns.
In the structure of magnetite, the only refinable atomic parameter is the unique fractional coordinate of the oxygen atom. In addition, other refined parameters are the isotropic displacements of both the oxygen and iron atoms and, in certain cases, the site occupancy of iron (in order to check the possible oxidation of the phase, as discussed below).
As reported by Wright et al. (2001) , neutron powder data for a cubic phase are insensitive to the moment directions as only their relative intensity affects the magnetic diffraction intensities. For such a reason, the magnetic moment components were constrained to be anti-parallel in the tetrahedral and octahedral sites and they were allowed only to vary the magnitude. Above 773 K, the peaks related to the magnetic structure disappear from the diffraction patterns; the related magnetic moments could therefore be refined no further. Such a step is reputed to indicate the crossing of the Curie temperature.
Refined structural data are reported in Table 1 . It is evident that the refined parameters at room temperature are not congruent with those found at higher temperatures or with the reference diffractogram collected at room temperature by means of conventional XRPD. The main discrepancies can be summarized as follows: (1) the cell edge determined by NPD is 8.3925(5) Å versus 8.3957(5) Å by XRPD and 8.3998(5) Å by NPD at 373 K; (2) the magnetization moment at room temperature for the tetrahedral site is not consistent with the values found at higher temperatures; (3) the refined values of the oxygen atom fractional coordinates at room temperature are higher than those refined in the temperature range 373-673 K. By taking into account these problems, it would seem that the room temperature neutron diffractogram may be affected by a small mismatch between low-and high-angle peak positions, probably due to a not perfect positioning of the sample before the vacuum reached the maximum. Such a mismatch is not possible to correct it by adopting the usual correction variables (zero shift and profile shift). This complication does not appear in the higher temperature diffractograms. In order to determine the correct value for these parameters at room temperature, the cell edge resulting from XRPD was taken into account while the tetrahedral magnetic moment and the oxygen position were extrapolated by taking into consideration the trend of the related curves at higher temperatures. Results and discussion
Thermal expansion
The thermal expansion of the studied magnetite sample cell edge is reported in Fig. 3a , together with the cell edge thermal expansion of a different specimen previously collected by means of X-ray powder diffraction (Levy et al. 2004 ) under similar experimental conditions. Differences between these two curves are mainly due to different degrees of oxidation, as the sample collected with X-ray powder diffraction is reported to be slightly oxidized at the end of thermal cycle. The thermal expansion of any material is thermodynamically defined by the following differential equation: a ¼ dX XðdTÞ ; where X is the expanding parameter (volume or cell edge) and T the temperature. Due to the fact that from an experimental point of view the adopted temperature intervals have finite differences, the thermal expansion coefficient for magnetite was calculated for the different temperature steps using the following formula:
where a T n is the cell edge at the nth temperature value (T n ) and a T nÀ1 the cell edge at the previous temperature value. The corresponding plot is reported in Fig. 3b . It has to be pointed out that both in Fig. 3a and in the thermal expansion calculation, the value of the cell obtained by XRPD at room temperature was used, for the reason given above. The thermal expansion linearly increases with temperature up to 673 K. Above such a Table 1 Refined structural features of magnetite, from left to right: temperature of data collection, R error indexes on the whole profile and on F 2 of Bragg peaks, fractional coordinate of oxygen atom in the position (x, x, x), thermal parameters for Oxygen (O), Fe in octahedral site (M) and in tetrahedral site (T), cell edge a, x component of the magnetic vector M for the octahedral site (M) and tetrahedral site (T), magnitudes of magnetization for the two sites T (K) 300 400 500 600 700 800 900 1000 1100
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2.2e-5 b a Fig. 3 In a the cell edge of magnetite is plotted versus temperature; black triangles are referred to data in this work, white triangles to data collected by means of X-ray powder diffraction (Levy et al. 2004) . In b the thermal expansion coefficient, calculated by the formula a Tn ¼ aT n À aT nÀ1 ð Þ aT n Tn À TnÀ1 ð Þ as described in the text, is plotted at different temperatures. It has to be highlighted that both in a and in the thermal expansion calculation, the room temperature cell obtained by XRPD was used, due to the refinement problems affecting the RT data set value, a more drastic growth can be observed until a maximum is reached at 873 K, at which point the magnetic peaks in the diffractogram disappear. Such a discontinuity is symptomatic of a phase transition and is often referred to the 'loss of magnetostriction'. As exhaustively discussed below, however, such a change cannot be related to the magnetic transition but rather to an intervened cation partitioning.
Magnetic refinement
The refinement of the iron atoms magnetic moments was calculated by adopting the module of the three components of the magnetic vector (as described above). The total magnetization was obtained as the difference between the double of the octahedral magnetization and the tetrahedral one; the latter condition is dictated by the fact that the cations in octahedrons are twice as much those in tetrahedrons. The resulting values are reported in Table 1 and plotted in Fig. 4 . The room temperature magnetic moments in the octahedral and tetrahedral sites are 3.75(6) lB (refined experimental value) and 4.56 lB (extrapolated value), respectively. These results can be compared with those determined by Klotz et al. (2008) on a synthetic sample studied from room to high pressure, whose values were slightly lower at room pressure [3.60(6) and 4.05(4) lB for the octahedral and tetrahedral sites, respectively]. This divergence could be explained by both the different origin of the specimens (the sample analyzed in the current study being natural whereas a synthetic one was used by Klotz et al. 2008 ) and the experienced difficulties in sharply refining such parameters due to their high sensibility to small structural variations. The thermal evolution of the magnetic moments shows a significant decrease with temperature rise, in agreement with the previously mentioned intensity fall of the magnetic peaks. Using a quadratic polynomial function, it is possible to fit the total magnetization, thus extrapolating a feasible value for the Curie temperature. By using this procedure, the Curie temperature proved to be 838 K, in good agreement with the literature value (Néel 1948) . Such a threshold indicates that the magnetite structure, as expected, shows no magnetic order above the Curie temperature.
Structure refinement
As previously explained, the spinel structure has only one degree of freedom: the position of the oxygen atom, for which all three fractional coordinates are equal (x, x, x). The other refined parameters are the isotropic thermal parameters of oxygen and iron ions in the related structural sites. As expected, the values of the thermal parameters increase proportionally with temperature rise due to an increase in the thermal motion. The occupancies of iron atoms were refined in a preliminary stage to check any possible compositional variation during heating, but in the end they were fixed to their ideal values as no significant variation was found at high temperature. Due to the high sensibility of neutron diffraction for the atom occupancy values, it is reliable to assess that throughout the adopted temperature ramp (from room temperature to the highest measured value), the studied specimen has maintained its original ideal formula and no oxidation has occurred. Unfortunately, no measurement could be performed on the cooled sample after the heating treatment was over, as the furnace was inadvertently opened before room temperature was reached, thus causing an undesirable specimen oxidation. The values of the refined structural parameters are reported in Table 1 , together with the related standard deviations and refinement error indexes.
By carefully examining Fig. 5 , it appears evident how the oxygen coordinate remains constant when temperature is below 700 K, whereas at higher temperatures this value increases. The described behaviors for both the oxygen coordinate and cell edge expansion can be explained by analyzing the dimensions of the tetrahedral and octahedral coordination polyhedrons. In Fig. 6 , the cation-oxygen bond lengths are plotted for different temperatures in the octahedral and tetrahedral sites (panel A and B, respectively; notice that the scale of bond lengths on the Y axes is the same for both graphs in order to highlight the different behaviors). It can be noted that below 673 K, the thermal expansion of the two coordination polyhedrons is quite similar, while above this temperature, the tetrahedron expansion is definitely higher than that of octahedron. Above 673 K, the octahedron dimensions increase quite monotonically, whereas the tetrahedral site shows a significant change in the thermal expansion. This behavior indicates that a temperature-dependent cation reordering might occur. As already shown by Rozenberg et al. (2007) , in tetrahedral coordination, Fe(II) has a bigger cation radius with respect to Fe(III) (0.63 Å vs. 0.49 Å ) (Shannon 1976) , while in the octahedral coordination, the radii of the two cations are similar (0.61 Å and 0.645 Å for Fe(II) and Fe(III), respectively). Considering that the oxygen ionic radius is 1.38 Å and that, at room temperature, equal quantities of Fe(II) and Fe(III) occupy the octahedral site, the Fe(III)-O bond length in tetrahedron should be 1.87 Å and [Fe(II),Fe(III)]-O in octahedron vary between 1.99 and 2.025 Å . These theoretical values are not very different from those experimentally determined at room temperature (see Table 2 ). Neutron diffraction cannot directly discriminate the Fe(II)/Fe(III) partitioning, the two cations having the same neutron cross section. An indirect method has therefore to be used in order to evaluate how cation partitioning behaves in magnetite by means of neutron diffraction data; in this work, the variation in the bond lengths was analyzed. At high temperature, the bond length variation in spinel is due to two main causes: thermal expansion and cation partitioning. As the tetrahedral site appears to be more sensitive to Fe(II)/Fe(III) exchange (see the abovementioned considerations on cation dimensions), the b a Fig. 6 Oxygen coordinate versus temperature. In a, the octahedral cation-oxygen bond length is plotted versus temperature; in b, the tetrahedral one is reported. Note that the room temperature value of the oxygen coordinate was also calculated using the corrected cell edge and oxygen coordinate value (white circle) following methodology was used to determine the cation partition of iron:
1. The thermal expansion of the tetrahedron is hypothesized to be linear and determined on the basis of the bond length values in the 298 and 673 K temperature range, in which the expansion is linear. A plausible hypothesis is that such expansion does not change during the cation reordering; such an assumption can be considered sufficiently valid due to the scarce presence of the Fe(II) cation in the tetrahedral site. 2. The differences between the experimental and calculated bond lengths are determined using the thermal expansion values according to the procedure described in previous point 1. 3. The values found at point 2 were summed to the experimental bond lengths measured at room temperature, in order to possibly determine the bond lengths values at different temperatures without the thermal expansion contribution. 4. A linear correlation between the tetrahedral bond length and Fe(II) occupancy was hypothesized, using the following formula:
where x is the site occupancy for Fe(II), TBL is the tetrahedral bond length determined as previously reported, F2BL and F3BL are the bond lengths for In this way, the Fe(II) occupancy in the tetrahedral site was determined for each experimental temperature stage;
the obtained values are reported in Table 2 and plotted in Fig. 7 . Despite the fact that this method has not been calibrated with other spinels, the result is similar to that found by thermopower and Mössbauer techniques (Wissmann et al. 1998; Wu and Mason 1981) .
From a thermodynamic point of view, the chemical formula describing the cation partitioning in magnetite can be expressed as:
where the indexes T and O are referred to the iron in the tetrahedral and octahedral sites, respectively. Using this formula, the equilibrium constant K CD is defined after Mack et al. (2000) as:
where k is the quantity of Fe(III) in tetrahedral site, T the temperature in Kelvin, R the perfect gas constant and DG, DS and DH are the Gibbs energy, entropy and enthalpy, respectively. The refined values of entropy and enthalpy for temperatures between 673 and 1,073 K are DH 0 = -23.2(1.7) kJ mol -1 and DS 0 = -16(2) J K -1 mol -1 . This result falls perfectly in line with the values reported by Wu and Mason (1981) and Mack et al. (2000) , thus confirming the reliability of the adopted method to evaluate the magnitude of the cation partition in magnetite by means of neutron powder diffraction.
Conclusions
The anti-ferrimagnetic ordering of magnetite was observed up to 773 K by neutron powder diffraction, confirming that the Curie transition is correlated to a loss of the magnetic ordering between 773 and 873 K. For the first time, the magnetization of octahedral and tetrahedral sites for magnetite was determined up to the Curie temperature by means of a refinement of the magnetic structure using the Rietveld method. By fitting the collected experimental data, the Curie temperature proved to be 838 K, with little variance with respect to the values reported in literature (856 K).
Above the Curie temperature, the expansion in the dimensions of the tetrahedral polyhedrons shows an anomaly that we assume to be due to the cation partitioning. The tetrahedral site has shown a more enhanced sensibility for such a parameter, due to the fact that the bigger Fe(II) cation enters the tetrahedron and the smaller Fe(III) moves to the octahedral site: the averaged difference in the Fe-O bond length calculated between the Fe(II) and Fe(III) occupied tetrahedral sites is about 0.14 Å . By examining the expansion of this coordination site as a function of temperature and the theoretical and experimental cationoxygen bond length, it was possible to determine the magnitude of the cation partitioning. Accordingly, the entropy and enthalpy values were also deduced. The obtained values for the thermodynamic parameters are in agreement with the reported entropy and enthalpy values, as determined by means of direct measurements of cation partition using Mossbauer spectroscopy (Mack et al. 2000) .
The very large change in the tetrahedral site dimensions has proven to be the main cause in the variation in the thermal expansion parameter with temperature above the Curie transition. This shows that the variation in thermal expansion is not due to loss of magnetostriction, but instead to cation partitioning.
